Probing Early Cosmic Magnetic Fields through Pair Echos from 

High-Redshift GRBs 

Keitaro Takahashi\ Susumu Inoue^, Kiyotomo Ichiki^ and Takashi Nakamura^ 



Q' keitaroSa .phys . nagoya-u . ac . jp 



O 
m 

6 



> 

cn 
\o 
m 
vn 

o 
o 



% 



Received ; accepted . 



'Department of Physics and Astrophysics, Nagoya University ,Chikusa-ku Nagoya 464-8602 
Japan 

^Department of Physics, Kyoto University, Oiwake-cho, Kitashirakawa, Sakyo-ku, Kyoto 606- 
8502 Japan 



ABSTRACT 

We discuss the expected properties of pair echo emission from gamma-ray bursts 
(GRBs) at high redshifts (z > 5), their detectability, and the consequent implications 
for probing intergalactic magnetic fields (IGMFs) at early epochs. Pair echos com- 
prise inverse Compton emission by secondary electron-positron pairs produced via 
interactions between primary gamma-rays from the GRB and low-energy photons of 
the diffuse intergalactic radiation, arriving with a time delay that depends on the na- 
ture of the intervening IGMFs. At sufficiently high z, the IGMFs are unlikely to have 
been significantly contaminated by astrophysical outflows, and the relevant intergalac- 
tic radiation may be dominated by the well-understood cosmic microwave background 
(CMB). Pair echoes from luminous GRBs at z ~ 5 - 10 may be detectable by future 
facilities such as the Cherenkov Telescope Array or the Advanced Gamma-ray Imag- 
ing System, as long as the GRB primary emission extends to multi-TeV energies, the 
comoving IGMFs at these redshifts are B ~ 10"^^ - 10"^^ Gauss, and the non-CMB 
component of the diffuse intergalactic radiation is relatively low. Observations of pair 
echos from high-z GRBs can provide a unique, in-situ probe of weak IGMFs during 
the epochs of early structure formation and cosmic reionization. 

Subject headings: magnetic fields — gamma rays: bursts — radiation mechanisms: 
nonthermal — galaxies: high-redshift — intergalactic medium 
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1. Introduction 



Extragalactic sources of high-energy gamma-rays such as gamma-ray bursts (GR Bs) or 
blaza rs can give rise to delayed secondary emission components known as pair echos (IPlaga 



19951). Primary GeV-TeV photons from such objects can interact with infrared (IR) to ultraviolet 
(UV) photons of the diffuse intergalactic radiation to create electron-positron pairs relatively far 
away from the source, which can then be deflected by intergalactic magnetic fields (IGMFs) 
before emitting secondary gamma-rays via inverse Compton (IC) upscattering of mainly cosmic 
microwave background (CMB) photons, reaching the observer with a characteristic time 
delay relative to the primary photons. This pair echo emission depends on the properties of the 



intervening IGMFs and hence constitute a valuable probe of their nature (e.g. 



20021 : 



Razzaque et al. 



20041 : 



Ichiki et al 



2008 



Takahashi et al. 



2008b 



2 



Plagalll995 



Murase et al. 



Dai et al 



20081 



20091) . 



Depending on the IGMF, the secondary emi ssion can also result in a spatially-extendec 



halo around the primary gamma-ray source (lAharonian et al. 



Dolag et al. 



20091 : 



Elviv et al. 



20091 : 



Neronov & Semikoz 



1994 



I 



Neronov & Semikoz 



pair 



2007 



20091). Very recently, using data from 



the Fermi Gamma-ray Space Telescope, the existence of IGMFs of order ~ 1 ^^ Gauss has bee n 



sugge sted based on upper limits to the secondary emission for a few blazars ([Neronov & Vovk 



20101) or by the apparen t detection of pair halos in stacked images of a large number of sources 



(lAndo & Kusenkd 



20101 . see however. 



Neronov et al 



201( 



To date, numerous different kinds of physical scenarios have been proposed for the origin 
of IGMF s, particularly in relation to processes in the early universe: generation duri ng cosmic 



inflation (Turner & Widrow 



phase transitions ( 



Sigl et al 



1988 



1997 



cosmic recombination epoch (Matarrese et al. 



2006 



Maeda et al. 



Ando et al 



Ratra 



1992; 



Copi et al 



Bamba & Sasaki 



2008), 



20071 : 



Bamba 



2007h or other 



2005 



20091), at ionization fronts (IGnedin et al. 



Tom cosmological perturbations around th e 



Takahashi et al. 



2010h or shocks during cosmic reionization (|Hanayama et al. 



2000 



2005 



2008a: 



Langer et al. 



2005 



Ichiki et al. 



2003 



2005 



Miniati & Bell 



2010|) . and during nonlinear phases of large-scale structure formation (IKulsrud et alJll997|) . Such 
studies were motivated by dynamo theories for the origin of galactic magnetic fields, whereby 
weak, "seed" IGMFs existin g before the for mation of galaxies can be amplified up to the observed 



levels during their evolution (iWidrowi 



2002 ) 



Observational determination or constraints on IGMFs from such early epochs would be 
crucial for understanding the origin of cosmic magnetic fields in general, and may also give us 
new insight into the physics and astrophysics of the early universe. However, a key concern 
is the possibility that other astrophysical sources of magnetic fields such as supernova-driven 
galactic winds or quasar outflows pollute the intergalactic medium (IGM) at later times and 



eventually dominate its m agnetization. Theoretical models of such effects (|Furlanetto & Loeb 



2001 



Bertone et al. 



20061) have suggested that even at the current epoch, IGMFs in the central 



regions of intergalactic voids remain uncontaminated and retain their original properties from high 
redshift (save for the adiabatic effects of cosmic expansion), so that pair echos and halos from 
low-redshift blazars or GRBs may still be a useful probe of early IGMFs. Nevertheless, whether 
this is actually the case remains to be seen. 

Thus, it would be highly desirable to have some means to probe IGMFs directly in-situ at 
sufficiently high redshifts, before they are substantially affected by magnetized astrophysical 



outflows. To this end, we focus on pair echos associated with hig 
at z > 5. GRB s have already been observed at such red shifts (e.g. 



i-redshift GRBs o ccurring 



up to z ~ 8.2 (|Salvaterra et al, 



20091 : 



Tanvir et al 



Kawai et al 



20061) . at least 



20091) . and are ex pected at even higher z . 



perhaps out to the earliest epochs of star formation in the universe (|Bromm & Loeb 



2007 . 



and references therein). Moreover, they are establi shed sources of luminous GeV gamma-ray 



emission (e.g. 



Hurley et al. 



1994 



AbdoetaL 



20091). Since the majorit y of GRBs so far do not 



show clear evidence of high-energy spectral cutoffs in the GeV region (Granot et al.ii201Q) . it is 
not implausible that the spectra of at least some bursts extend to multi-TeV energies. At z > 5, 
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the diffuse int ergalactic radiation originating from sta rs and other astrophysical objects is quite 



uncertain (e.g. 



Gilmore et al 



20091 : 



Inoue et al. 



2010f) . However, depending on the cosmic star 



formation rate and other factors, its intensity may be low enough (Y. Inoue et al., in preparation) 
so that 1) absorption of the primary GRB emission occurs mainly via 77 pair production with 
the well-understood CMB, and 2) further absorption of the secondary pair echo emission is not 
severe. The former point is crucial as it not only allows relatively reliable evaluations of the 
pair echo flux, but also constraints on stronger IGMFs than compared to low-z pair echos (e.g 



Takahashi et al 



2008b|) by virtue of the shorter length and time scales involved. 



In this paper, we first discuss the basic physics of pair echo emission at high-redshifts in ^ 
Our numerical results are presented in ^ followed by a discussion and summary in ^and ^ 
respectively. 

2. Pair echo emission at high redshifts 

2.1. Absorption of primary and secondary gamma-rays 

Previous studies of pair echo emission have been limited to z < 5, where primary GeV-TeV 
gamma-rays from sources such as blazars or GRBs initially undergo 77 interactions with IR-UV 
photons of the extragalactic background light (E EL), mainly compos ed of the integrated stellar 



and dust emission from galaxies in this z range (Primack et al. 



20081 and references therein). 



Although various theoretical models have been proposed for the EBL, its detailed properties are 
still not known very accurately as it is difficult to measure directly. In recent years, important 
indirect constraints have been obtained from searches for 77 absorption features in various 
GeV-TeV sources by Cherenkov telescopes as well as the Fermi satellite, all p ointing to a low-z 



EBL that is not far above the lower bound s derived from direct galaxy counts (lAharonian et al 



2006 



Albert et al. 



2008 



AbdoetaL 



2010). 
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At z > 5, the situation is much more uncertain since the relevant observational information 
becomes very scarce, let alone the lack of 77 constraints. This is particularly true for z > 10 
where the only secure data is the WMAP determination of the Thomson scattering optical depth. 
Nevertheless, this epoch is currently of great interest for observational cosmology, as it should 
encompass the formation of the first stars an d galaxies in the univer se, as well as the reionization 



of the IGM after cosmic recombination (e.g. .Barkana & Loeb 



20071 and references therein). The 



only det ailed discussion to date of 77 absorption in this cosmic reionization era is the recent 



study by 



Inoue et al. 



(|2010L hereafter 110), who employed semi-analytical models of cosmic star 
formation at z = 5-20 including both Population II and III stars, and which are consistent with a 
wide variety of existing high-z observations such as quasar Gunn-Peterson measurements, WMAP 
Thomson depth constraints, near-IR source count limits, etc. According to their fiducial model 
of the high-z EBL[J, appreciable attenuation can be expected above ~12 GeV at z ~ 5, down to 
~ 6-8 GeVatz> 8-10. 

Fig. [T] shows estimates of the "local 77 optical depth" riocai, i-C- the optical depth across a 
Hubble radius at each z, in terms of the rest-frame gamma-ray energy E'^ for the fiducial model of 
110. While Tiocai is significant for z < 10 around E'^ ~ 10^ - 10"^ GeV, that for z > 10 becomes quite 
small, owing to the declining star formation rate and hence the EEL intensity at higher z, together 
with the reduced path length. This is to be contrasted with the 77 opacity contribution from the 
CMB, also plotted in Figdl which becomes increasingly prominent and moves to lower Ei^ for 
higher z, its evolution being governed simply by cosmic expansion. At z > 10, it is apparent that 
Tiocai ^ 1 at E:^ > 3-6 TeV solely due to the CMB, whose Wien tail intrudes into the rest-frame 



'Here we adhere to the terminology of "EBL" for referring to diffuse intergalactic radiation 
of astrophysical origin, although strictly speaking, the term "background" is inappropriate for UV 
intergalactic radiation in the cosmic reionization era, which becomes increasing inhomogeneous at 
higher z. 
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Fig. 1 . — Local 77 optical de pth T]„r„\ vs. rest- fra me gamma-ray energy E' at redshifts z as labelled 



for the fiducial EBL model of 



InoueetaL 



(|2010h . compared with the contribution from the CMB. 



IR band. 

110 also investigated some other models within their framework that fit the current high-z 
observations nearly equally well, and found that they generally do not lead to large differences 
in the 77 opacity. Nevertheless, it must be cautioned that by relaxing some of their basic 
assumptions, e.g. regarding the stellar initial mass function or the quasar contribution, a wider 
range of possibilities may very well be possible. In fact, alternative models in which the star 
formation rates and EBL intensities at z ~ 5 - 10 are lower tha n 110 by as much as an ord er of 



magnitude, close to the lower limits from deep near-IR counts (JBouwens et al. 



2008L 



20091), may 



still be consistent with the available observations, as long as an appreciable Pop III component is 
included at z > 10 (Y. Inoue et al., in preparation). Considering these uncertainties and limitations, 
in addition to 110 that we refer to as the "high-EBL" case, we also consider a "low-EBL" case for 
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z> 5 where the EBL intensity is simply scaled down by a factor of 10 from 110. In the latter case, 
the CMB can dominate the 77 opacity for all redshifts above z ~ 5, as is apparent in Fig. [U 

Below, we will apply these considerations not only to the initial absorption of the primary 
gamma-rays, but also to further absorption of the secondary pair echo gamma-rays as they 
propagate from z > 5. In view of the recent ob servational deyeloprn ents mentioned above, for the 



EBL at z < 5, we adopt the "best fit" model of 



Kneiske et al 



(|2004|) scaled by 0.5, which is a fai r 



approx imation to the current lower bounds on the EBL at z = as described in 



Kneiske & Dole 



mm 



The 77 optical depth for a source at z = 10 observed at z = are compared for our low-EBL 
and high-EBL cases in Fig. [2l The opacity at observer gamma-ray energy E^ > 300 GeV is mostly 
due to the low-z EBL and can be considered reasonably reliable. On the other hand, that for 
lower energies E^ < 300 GeV is caused by the high-z EBL, which is highly uncertain but strongly 
affects the observability of high-z pair echos, as discussed below. 



2.2. CMB-triggered pair echos 

Following the above discussion, we proceed under the assumption that the only radiation field 
responsible for the initial 77 interaction is the CMB. This would be valid for all redshifts z > 5 
in the low-EBL case, but only for z > 10 in the high-EBL case. We begin by outlining the basic 
phenomen ology of CMB-trig gered pair echos (for more details on the general physics of pair 



echos, see 



Ichiki et al. 



(|2008l) ). Quantities such as photon energy as measured in the cosmological 
rest frame at redshift z are designated with primes, whenever distinction is required between that 
observed at z = 0, unless otherwise noted. 



The characteristic photon energy and number density of the CMB around its spectral peak 
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Fig. 2. — 77 optical depth for a source at z = 10 vs. observer gamma-ray energy E^ atz = for the 
low-EBL and high-EBL cases. 



are respectively 



ecMB,pk ~ 2.4 X 10-^ ; ^^^ 



eV, ncMB,pk»^4.1 X 10 



l+£ 

10 



cm 



The typical energy of gamma-rays that can produce pairs with these CMB peak photons is 



F' - 



mt . . f l+z 



7,pk 2t 



54 



, TeV, 
10 ' 



(1) 



(2) 



'^CMB,pk 

where m^ is the electron mass, and we choose units with c = 1. The 77 mean free path for such 
gamma-rays is roughly 



A 



1 



77iP^ ■ 



0.26(T7-ncMB,pk 
where aj is the Thomson cross section. 



4-6(^) pc, 



(3) 



Proper evaluation of the 77 mean free path A^^ for arbitrary gamma-ray energies requires 
a convolution of the energy- and angle-dependent pair production cross section a^j (e.g. 



10 




4 5 6 7 

log(EY/GeV) 



Fig. 3. — 77 mean free path in the CMB vs. rest-frame gamma-ray energy E' for z = 
0. 1 , 1 , 5, 10, 20, 30, from right to left. 



Berestetsky et al.lll982|) over the CMB spectrum, and is plotted for selected redshifts in Fig. 
|3l For E'^ < E'^ p^, X^^(E'^) is determined by the density of CMB photons whose energies are 
m^/E' corresponding to the peak of a^^ and reflecting the Wien shape of the CMB 



^'CMB 



spectrum. In contrast, for E' > £'' ^, only the CMB photons with e^MB ~ ^cmb pk ^^ relevant, and 



pk 



the shape of \^^{E') is due to the high-energy tail of a. 



77- 



Assuming that the source spectrum extends to sufficiently high energies for 77 interactions 
with the CMB (see ®, primary gamma-rays with energy E'^^ would produce electron-positron 
pairs with energies Eg thE'^JI. These upscatter ambient CMB photons to generate a pair echo 
with average energy 

2 
TeV, (4) 



E' 



^Lho-^CMBJ JJ -16( ^^] ^ 



7 



"7,M^ 



11 



which would be observed at z = with energy 

2 



^echo = ?^ = 1 .6 f ^ V7 tAt I TeV. (5) 



l+z V 10 ; \E'^,p,iz) 

Considering only a narrow range of E'^, the corresponding echo spectrum will have a turnover 
above E'^^^^, as well as a power-law tail below E'^^^^^ with photon index ~ 1 .5 from pairs undergoing 
IC cooling. The total echo spectrum will be a superposition of such spectra over the range of E'^ 
that is effectively absorbed via 77 interactions (§|3]). The mean free path Aic and cooling length 
Aic of the pairs for IC scattering with CMB peak photons are respectively 

Aic.pk = ^l.li—-^] pc, (6) 

AE.arUcMB V 10 / \E'^p^^{z)j 

where t/cMB is the energy density of the CMB. 

The time delay between the arrival of the primary photons and the secondary pair echo are 
caused by two effects. The first is due to the intrinsic angular spread in the 77 and IC processes, 
which is unavoidable even in the absence of magnetic fields. The characteristic delay time in the 
observer frame from angular spreading is 



^'^= 0^17 o (^77 + Aic) ^0.95 X 10-^ sec I -^ ) (^ 

where we have assumed A^^ ^ Ajc (see below for justification). The second effect, of our main 
interest here, is due to deflections of the pairs by magnetic fields, whose characteristic delay time 
is 



\Q ) U;,,(z)j VlO-^^Gy' \\,^,u 



Af5 = ^(A,, + Aic)^^«.3.8sec ^ \ --^\ tt^^ttt t^^ ) , (9) 



where 



f---(^)l^)(i^l^ 
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is the average deflection angle of the pairs when the fields are coherent over scales of Ajc, 



eB \10J \E'^p,{z)) \10-'^G 

is the Larmor radius of the pairs, and B is the comoving amplitude of the magnetic field, which is 
related to the physical amplitude of the magnetic field B' in the rest-frame at z as 5 = 5'(1 +z)~^, 
following the convention in the literature on IGMFs. Eqs. [9lfT0lcan also be straightforwar dly 



2008 ). The 



adapted to the case of fields randomly tangled on scales smaller than Ajc (|Ichiki et al 
ratio of the two delay timescales are 



At face value, Ats for pair echos from a ORB at z ^ 10 would be in the observationally 
interesting range of several to tens of seconds, as long as the ambient magnetic fields are of 
order B ^ 10"'^ G at distances of A^^ si 5 pc from the GRB. This is interestingly close to some 
recent p redictions frorn numerical simulations of magnetic field generation in Pop III star forming 



regions (|Xu et al. 



I2008|) . However, for echo photons resulting from primary gamma-rays with 
E'^ ~ E' j^, Eq. dH) shows that figcho would still be so high that most of them are absorbed locally 
by further 77 interactions with the CMB on scales A^^ echo ~ 1 kpc at z = 10. Thus, we focus on 
the low-energy portion of the echo spectrum unaffected by secondary 77 absorption, which arise 
mainly from primary gamma-rays with energies sufficiently lower than E' ■, interacting with the 
CMB Wien regime where A^^ ^ -^77,/)*: (Fig- ID). The relevant delay time can then be substantially 
longer for the same B, or conversely, much weaker B can be probed on the same timescales (Eq. 
|9l). The weakest field strengths that can be probed through such pair echos is 5 ~ 10"'^ G for 
z = 10, determined by the condition that Afg = At^ (Eq. [T2l) . 

Thus, the unabsorbed part of high-z, CMB-triggered pair echos allows us to probe magnetic 
fields with amplitudes B > 10"^^ G, at distances A^^ ^10 kpc from the GRB. On these scales, 
the relevant magnetic fields should be associated with the IGM, since the collapsed halos within 



13 



which GRB occur are likely to be smaller than present-day galaxies at z > 5 - 10 (|Barkana & Loeb 
20011). IGMFs of order B ^ 1Q~!^ G have been predicted by some models involving cosmic 



reionization fronts (Gnedinetal 



20001 : 



Langer et al 



20051), for which high-z GRB pair echos may 



provide a valuable probe. 



2.3. Numerical formulation 



Here we briefly summarize our formulation for numerical calculations of the spectra and 
light curves of GRB pair echos. For a GRB with primary fluence dN^/dE^, the time-integrated 
flux of secondary pairs during the GRB duration is 



^^'^'°(7.) = 4m.^(£, = 2m,7.) [l -.--(^^=2^--)] 



die 



dE^ 



(13) 



where t^JE^) is the optical depth to 7-7 pair production for gamma-rays with energy E^. The 



time-dependent spectrum of the pair echo is 



d^K 



echo 



Ct t Ct i-/'*v 



d% 



dNe d^Nic 
d'ye dtdE^ 



(14) 



where d^Nic/dtdE^ is the IC power from a single electron or positron, and dNe/d% is the total 
time-integrated flux of pairs responsible for the echo emission observed at time fobs after the 



burst, whic 



h IS re 



Ichiki et al. 



ated nontrivially to dNe.o/dye in Eq. (fT3l) . This expression was evaluated by 



(|2008|) taking into proper account the relevant geometrical effects and the stochastic 



nature of magnetic deflections. Although numerical integration is required t o obtain the enc 



results, it can be roughly approximated by dNe/d^e = {Mc,coo\/ c/S.t)dNe.o/ d^e (Dai et al. 



2002). 



3. Results 



Our numerical results employing the formulation of §12.31 are presented below. Regarding 
the properties of the GRB primary emission, we assume a constant spectrum dN^/dE^ oc E~^ for 



14 



1 TeV <Ej< 100 TeV during a duration ?grb = 10 sec. Note that the GRB spectrum f rom the early 



afterg low may quite plausibly extend up to ~1-10 TeV during the first ~10-100 sec (IWang et al 



Razzaque et al 



2010), although it remains to be seen whether this holds up to 100 TeV (see also 

20041). We also take an isotropic - equivalent total e nergy Etot = lO"*^ erg, corresponding to the most 



luminous GRBs observed so far (Abdoetal 



2009 ) 



Fig. m shows the spectra of the primary emission together with those of the pair echo at 
observer times fobs = 10^, 10^, 10"^ sec, for ^ = 10, 5 = 10"^^ G, and the low-EBL case. Due to 
absorption by the EEL at low z (Fig©, both the primary and pair echo emission are substantially 
attenuated at E^> 100 GeV. To be compared are estimated 5 -a detection sensitivities for the 

fi "ft n 

Fermo MAGICq and CTAo telescopes, for exposure times of 100 sec. Although far from the 
capabilities of current instruments such as Fermi or MAGIC, the pair echo at fobs =100 sec may 



be ma rginally detectab 



5@5 ( Aharonian et al 



e by the next-generation facility CTA, or similar projects such as AGIScI or 



200 1[) . Note that the slewing time of the large size telescopes of CTA are 



projected to be comparable to MAGIC, i.e. 180 deg in ~20 sec. Detection at later times would be 
more difficult as the pair echo flux decreases as ~ f"' while the sensitivities scale as t~^^^. 

In Fig. 151 we compare the pair-echo spectra for the low-EBL and high-EBL cases, 
maintaining z = 10 and B = 10"'^ G. As apparent in Fig. [2l the differences between the two high-z 
EBL models are most significant at 10 GeV ^ Ej < 100 GeV. In particular, the spectral peaks 
at ~ 40 GeV noticeable in the low-EBL case are dramatically obliterated in the high-EBL case, 
considerably reducing their observability. Thus, we concentrate on the low-EBL case below. 



^http://fermi.gsfc.nasa.gov/ 
^http://wwwmagic. mppmu.mpg.de/ 
'^http://www.cta-observatory.org/ 
^http://www.agis-observatory.org/ 
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Fig. 4. — Spectra of the primary emission (dashed curve) and those of the pair echo (solid curves) 
at observer times t^hs = 10^, lO"*, 10"^ sec, from top to bottom, for z = 10, 5 = 10"^^ G and the low- 
EBL case. Overlayed are 5- a sensitivities for Fermi, MAGIC and CTA for integration times of 
100 sec. 
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Fig. 5. — Comparison of pair-echo spectra between the low-EBL and high-EBL cases, for z = 10, 



D _ 1 A-15 r^ „„A ^ _ 1 a2 1 a3 1 a4 „„„ f ,^ *„„ *„ u„**. 
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The dependence of the pair-echo spectra on the magnetic field amplitude B is shown in Fig. 
[6l for z = 10, ?obs = 100 sec, and the low-EBL case. As can be seen from Eq. ^, higher-energy 
primary gamma-rays contribute more to the pair echo when compared at fixed ^obs^ leading to 
larger average energies of the pair echo (Eq. ([5])). Since the echo at E^ > 100 GeV is largely 
absorbed by the EBL, the observed flux is lower for stronger fields, as long as 5 > 10"^^ G. 
However, for B < 10"^^ G, the delay timescale becomes dominated by angular spreading (Eq. [T2l) . 
and the pair echo properties become independent of B. 

Fig. |7] compares the pair-echo spectra for different GRB redshifts, at fixed observer times 
^obs = 100 sec and 10"^ sec, B = 10"'^ G and the low-EBL case. Besides the obvious trend of the 
pair echo being fainter for higher z, a sharp cut off due to the absorption by CMB can be seen at 
the highest energies for z = 20. 

4. Discussion 



Despite their obviously lower fluxes and harder observability, a prime advantage for 
considering pair echos from high-z GRBs is that they probe ambient magnetic fields at epochs 
that are much less polluted by magnetization from galactic winds or qu asar outflows whose 



activity peak at later times (|Furlanetto & Loeb 



2001 



Bertone et al. 



2006h . They should therefore 



be more sensitive to magnetic field generation processes in the early universe, either during the 

cosmic reionization era or even earlier epochs. The observationally favorable field amplitudes 

of 5 ~ 10"^^- 1 0"^^ G that we find is in the range predicted by the Bierman n battery mechanism 



(IGnedin et al. 



(see however. 



20001) or radiation drag effects at cosmic reionization fronts (jLanger et al.l 



Ando et al. 



of such strengths (|Copi et al 



2005 ) 



20101)). Some cosmological mechanisms may even result in IGMFs 



20081 ). Note also that this is close to the c 



deduced from some rec ent analyses of Fermi data on blazars at lower z (INeronov & Vovk 



Ando & Kusenko 



aimed IGMF strengths 



20101 : 



2010|) . so high-z GRBs may provide an independent test of their existence and 
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Fig. 6. — Pair-echo spectra for z = 10, fobs = 100 sec, the low-EBL case, and 5=10 ^^, 10 '■*, 10 ^^ 
and 10"^^ G, from top to bottom. 
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Fig. 7. — Pair-echo spectra for GRB redshifts z =5 (solid), 10 (dashed) and 20 (dot-dashed), com- 
pared at fobs = 100 (top) and 10"* sec (bottom), for B = 10"^^ G and the low-CIB case. 
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ongin. 

A further point to mention is that the intergalactic radiation field relevant for the primary 
77 interaction may be dominated by the well-understood CMB, in contrast to lower z where 
the corresponding EBL is relatively uncertain. However, this does require the primary GRB 
spectrum to extend up to very high, multi-TeV energies, which is not guaranteed at the moment. 
Furthermore, we have seen that the high-energy end of the secondary pair-echo gamma-rays can 
still be significantly affected by the high-z EBL. In this regard, a somewhat different type of 
pair echo emission can result from primary 77 interactions with the high-z EBL. Although not 
discussed here, this may also be worth consideration as the necessary primary photon energies are 
in the much more modest range of <TeV. 

5. Summary 

In this paper, we have studied the expected properties of pair echos from high-z GRBs, their 
detectability, and the consequent implications for probing the IGMF. At z > 5, the CMB may 
constitute the most relevant intergalactic radiation field for the primary 77 interaction. We found 
that pair echos from luminous GRBs at z < 10 may be observable with next generation gamma-ray 
telescopes such as CTA as long as the primary GRB spectra extend to multi-TeV energies, the 
IGMF strengths are B ~ 10"^^- 10"^^ Gauss, and the EBL is relatively low. Although their actual 
detection may be quite challenging, they would provide us with a unique way to probe IGMFs at 
early epochs thay may have originated during the cosmic reionization era and beyond. 
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